INTRODUCTION T
he adult masseter muscle is a complex multipennate muscle that is comprised of muscle fibers with different myosin heavy-chain (MyHC) isoforms. The masseter muscle in many species, including rabbit, pig, and man, has three distinct layers (superficial, intermediate, and deep) (Schumacher and Rehmer, 1960; Widmer et al., 1997) that are easily visualized by their fiber orientation and distinct tendons of origin and insertion. In the rabbit, it has been shown that each layer may also be subdivided into multiple neuromuscular compartments, based on glycogen depletion studies (Weijs et al., 1993) and on the nerve-branching pattern (Widmer et al., 1997) . The forces produced by these compartments, combined with unique forces produced by other masticatory muscles, provide the ability to move the mandible and create the necessary crushing and shearing forces to accomplish the complex task of mastication. Consistent with the concept of compartmentalization, immunohistochemical studies of the rabbit masseter with the use of antibodies specific to different MyHC isoforms have shown that fibers containing a particular isoform are not homogeneously distributed throughout the muscle, but rather are clustered within specific regions (Bredman et al., 1991 (Bredman et al., , 1992 English et al., 1999b; Eason et al., 2000) . Such a discrete distribution of different MyHC isoforms in muscle fibers may provide the differential contractile speeds and forces necessary for specific tasks to be performed.
The MyHC isoform profile of muscle fibers within the masseter has been shown to be unique. The adult masseter in several species contains a variety of fiber types, including both adult (slow, ␣ cardiac, IIa, IIx, and IIb) and developmental (embryonic and neonatal) MyHC isoforms (d 'Albis et al., 1986; Soussi-Yanicostas et al., 1990; Monemi et al., 1996; Eason et al., 2000) . In limb and trunk muscles, embryonic and neonatal isoforms are replaced after birth by adult slow and fast isoforms, and adult muscle fibers have very little, if any, neonatal MyHC isoform (Lyons et al., 1990; Lu et al., 1999) . In addition, MyHC isoform expression within the masticatory muscles is regulated differently from that in the limb, based on recent studies that examined MyHC isoform expression in null mutant IIx mice (AcakpoSatchivi et al., 1997; Sartorius et al., 1998) . Sexual differences in the spatial expression of MyHC isoforms in masticatory muscles have also been reported in several studies (Schiaffino, 1974; Lyons et al., 1986; English et al., 1999b) . Evidence exists that additional factors such as sex hormones can affect the final phenotype of the masseter in rabbit and mice (English et al., 1999b; Eason et al., 2000) .
The mouse is the animal model of choice for the study of masticatory muscle development, due to the availability of transgenic strains targeting genes associated with myosin regulation or expression. However, there is a paucity of information regarding the anatomy and muscle fiber phenotype of the adult mouse masseter. The objective of this study was to refine our understanding of the adult mouse masseter muscle by defining the architecture of this muscle and by examining systematically, in male and female mice, the spatial distribution of MyHC isoforms within anatomical partitions, using Western blot analysis and immunofluorescent localization. The results of this study and those from a previous study of the spatial distribution of MyHC message (unpublished observations) provide insight into the organization and regulation of fiber phenotype within different compartments of the male and female masseter.
MATERIALS & METHODS
Mouse muscle specimens were obtained from adult male and female CD-1 mice (2-4 months of age) according to a protocol that was reviewed and approved by the Institutional Animal Care and Use Committee.
Adult Masseter Muscle Architecture
The architecture of the adult mouse masseter was determined by the gross dissection of whole muscle specimens (n = 5). Anatomical partitions were defined by their unique tendons of origin or insertion. For further characterization of muscle compartments, 3 muscles were processed for acetylcholinesterase for the evaluation of endplate distribution according to the method of Karnovsky-Roots, and were visualized with the use of 10% ammonium sulfide.
Tissue
Masseters used in Western blot analysis were obtained from adult male (n = 5, pooled into 2 samples) and female (n = 2) mice. The muscles were separated into 3 anatomical layers (superficial, intermediate, and deep); each layer was then divided into anterior and posterior portions, frozen on dry ice, and stored at -20°C until myosin extraction. Soleus, diaphragm, and ventricle were collected as positive controls. Masseters used in immunofluorescent localization were obtained from adult male (n = 5) and female (n = 5) mice. The muscles were quick-frozen in isopentane that was cooled with dry ice and acetone and stored at -20°C until sectioned.
Two masseters of each sex were sectioned at 14 m in a frontal plane, and 3 were sectioned in a transverse plane. Sections were consecutively mounted on an alternating series of gelatin-coated slides and stored at -20°C until immunofluorescently stained.
Western Blot Analysis
Myosin was extracted from the masseters to be used in Western blot analysis according to a protocol modified from . Myosin heavy-chain isoforms were separated by SDS PAGE according to a protocol modified from Prevost et al. (1995) and . The protein was transferred to an MSI nylon transfer membrane (Fisher Scientific, Pittsburgh, PA, USA) in Tris-glycine buffer at 20 V at 4°C overnight. Western blotting was carried out according to the manufacturer's protocol (BioRad, Hercules, CA, USA). The primary antibodies used were mouse monoclonal antibodies to myosin isoforms developed by Schiaffino and co-workers (Schiaffino et al., 1986 (Schiaffino et al., , 1988 : clone BF-45, embryonic MyHC; clone BA-D5, slow MyHC; clone SC-71, IIa MyHC; clone BF-F3, IIb MyHC; clone BF-B6, neonatal MyHC; and clone BA-G5, ␣-cardiac MyHC. In addition, we used MY32 (Sigma Chemical Co., St. Louis, MO, USA) to identify type II MyHC. Using Gel-Pro analyzer software (Media Cybernetics, Silver Spring, MD, USA), we optically scanned Western blots and analyzed them for the relative densities of bands compared with loading and with each other. Based on the integrated optical density (IOD) of each band, the MyHC content of each muscle region was normalized to the band with the greatest IOD and averaged.
Immunofluorescent Staining and Analysis
The sectioned masseters were immunofluorescently stained according to standard protocols (Schiaffino et al., 1989) . The same primary antibodies that were used in the Western blots were also used for immunofluorescent staining. Immunostained sections were mounted in glycerol and examined under epifluorescence with a Nikon FXA Photomicroscope (Nikon, Melville, NY, USA).
Images of immunostained sections were captured and analyzed by means of an Optronics 470E digitizing camera (Optronics, Goleta, CA, USA) and Image Pro Plus software (Media Cybernetics, Silver Spring, MD, USA). For the MyHC isoforms, types IIa and IIb, we reconstructed collages of transverse and frontal sections from the acquired images to determine the percent area populated by type IIa or IIb fibers. Regions that contained immunofluorescently stained fibers were segmented from fibers that were not immunostained and the areas of these regions calculated as a percentage of the total section area. A similar sample region of a female and male masseter transverse section was also acquired for the analysis of minimum cross-sectional fiber diameter and the relationship of fiber diameter to the intensity of staining. Significant differences between sex for the MyHC areas and minimum fiber diameters were evaluated by the Mann-Whitney U test.
RESULTS

Adult Mouse Masseter Muscle Architecture
The adult masseter was found to consist of three anatomical partitions or layers: superficial, intermediate, and deep (Figs. 1A-1C). Examination of the distribution of endplates within the masseter revealed a single line of endplates within each layer located between the tendon of origin and tendon of insertion. Muscle fibers originating from the medial surface of the superficial aponeurosis (tendon a) attached to the lateral aspect of a common tendon of insertion (tendon c) for the superficial and intermediate layers. Intermediate layer muscle fibers originated from a tendon attached to the zygoma (tendon b) and inserted on the medial side of the common tendon of insertion (tendon c). The deep fibers were found to originate from the deep side of the zygoma and attached directly to the mandible. Fiber orientation was observed to be relatively vertical in the anterior regions of the masseter and gradually angled to an oblique orientation for fibers in the posterior aspect of the superficial and intermediate layers. The presence of three distinct layers of the adult mouse masseter, combined with the different fiber orientation in the anterior and posterior portions of the muscle, provided the anatomical basis for selection of the distinct regions of the masseter for Western blot analyses.
Western Blot Analysis
Based on the Western blot analysis, IIa and IIb MyHC were found to be the major isoforms in the mouse masseter, although small amounts of neonatal, slow, and ␣-cardiac isoforms were also detected. Embryonic MyHC was not identified in the Western blots for either male or female mice. Although Coomassie-blue-stained SDS PAGE gels revealed a band consistent with the IIx isoform in the masseter and diaphragm, the IIx isoform could not directly be evaluated in the Western blots, because there is no available antibody specific to the IIx MyHC isoform. However, MY32 labeled three bands in the masseter Western blot, including a thick band (IIx) located between IIa and IIb bands (Fig. 2A) . Soleus contained slow and IIa isoforms, the diaphragm slow, IIa, IIx and IIb isoforms, and ventricle both slow and ␣-cardiac isoforms. The MyHC isoforms detected in control muscles are the same as previously reported (Schiaffino et al., 1988; Ausoni et al., 1990) and validate the specificity of the antibodies. The IIa and IIb MyHC isoforms were identified in both male and female masseter muscle fibers, and their distributions were found to be localized to specific regions of the muscle. Examination of the normalized IOD representing the IIa or IIb isoform for each of the six regions of the masseter (Fig. 2B) revealed that the IIa isoform was localized to the anterior region of the muscle, while IIb distribution was generally greater in the posterior half of the muscle for both sexes.
Immunofluorescent Localization of MyHC
The distribution of fibers immunopositive for IIa and IIb in the masseter was the same as that observed for the regional distribution of MyHC protein identified by Western blot analyses. The male had the highest density of IIa fibers in the anterior intermediate layer, with some fibers also located in anterior portions of the superficial and deep layers (Fig. 3A) . The density of IIb fibers was greatest in posterior portions of superficial and intermediate layers (Fig. 3C ). The female masseter had a higher density of IIa-labeled fibers in the anterior superficial and intermediate layers compared with the male (Fig. 3A) . A smaller collection of labeled fibers was also observed within the posterior intermediate layer on the deep side of tendon b. Although this posterior distribution was observed in the male, it was more pronounced in the female. Like the male, the female masseter has a higher density of IIb fibers in the posterior of the muscle (Fig.  3C) . Unlike in the male, where some overlap was observed, there was very little overlap in the distribution of IIa and IIb fibers in the female. In both the male and female masseters, there were no fibers that were labeled with both IIa and IIb antibodies. Fibers within central regions of the superficial and intermediate layers, as well as within discrete regions intermingled within the anterior third of the muscle, did not immunostain for either IIa or IIb but were stained only by MY32 antibody in both males and females, suggesting that they were IIx in phenotype. A few fibers were found alongside tendon b that co-labeled with both embryonic and neonatal antibodies. A different group of fibers in this region, also limited in number, was co-labeled with slow and ␣-cardiac MyHC antibodies. This region was the only one identified to have muscle fibers with isoforms other than IIa or IIb and accounted for < 1% of the muscle.
Similar to the regional distribution of fiber types in the horizontal plane, there was also a regional organization of fibers between the zygoma and the inferior border of the mandible (Fig.  4) . Type IIa fibers were concentrated in the more ventral regions of the male and female masseter muscle, while IIb fibers were concentrated in the dorsal half of the muscle. This dorsal-ventral organization was verified in the frontal sections. The percentage of total masseter cross-sectional area expressing a specific MyHC isoform was found to differ between males and females. The area covered by type IIa was significantly greater in the female than in the male (29 ± 3% vs. 16 ± 4%; p < 0.01), while type IIb was significantly greater in the male (mean ± SD) (32 ± 5% vs. 18 ± 2%; p < 0.01). Other MyHC isoforms that were examined by immunostaining accounted for only 1% of the fibers. The remaining unstained fibers, putative IIx fibers, comprised almost half the masseter and were not statistically different (mean ± SD) (male, 52 ± 2%; female, 53 ± 4%; p = 0.6).
We examined fiber size and staining intensity in IIa and IIb fiber types for both males and females to determine if a subpopulation of different fiber sizes or intensities could be detected. A bimodal distribution of fiber size was found in the female IIa fibers, with significantly smaller fibers identified in the posterior intermediate layer in the female (Fig. 3B) . Examination of the IIa fiber size in the male found a unimodal distribution of size. Type IIb fiber diameter was found to be significantly larger than that of type IIa fibers in both sexes (Fig. 3D) . In both sexes, there was a bimodal distribution of immunofluorescent intensity representing very intense and moderately intense staining, but there was no correlation of the two intensity groups with fiber diameter. 
DISCUSSION
The mouse masseter has a heterogeneous distribution of MyHC isoforms that varies within the three anatomical partitions of the muscle and with sex. In both males and females, the anterior and ventral portions of all partitions were characterized as possessing type IIa fibers, whereas posterior and dorsal portions of partitions contained type IIb. Type IIa fibers also showed sexual dimorphism in fiber diameter, in that, in the female masseter, two distinct size populations were observed, whereas in the male masseter, type IIa fibers were of a uniform diameter. The regionalization of muscle fibers with a specific MyHC isoform has been reported in the muscle of other species and is consistent with neuromuscular compartmentalization within anatomically defined partitions of the muscle (English and Letbetter, 1982; English et al., 1999b) . These neuromuscular compartments are each innervated by a unique group of axons (and motoneurons). Previous work has shown that different regions within the rabbit masseter form discrete output elements that may be differentially activated depending upon the task (English et al., 1999a) . The MyHC isoform composition of a fiber plays a role in determining the speed of contraction, with type IIb fibers contracting the fastest and types IIx, IIa, and I contracting progressively more slowly (Reiser et al., 1985) . Power output is also correlated with MyHC isoform, with type IIb providing the greatest power output. The functional implications of compartmentalization within the mouse masseter are unclear at this time, but may be based on the requirements of high force (IIb fibers in the posterior region of the muscle) or more sustained lower forces (IIa fibers in the intermediate and anterior regions of the muscle). The differences in MyHC isoform expression between males and females may be due to the different functional requirements of the masseter for each sex as well. The extent of the differences between sexes is as yet undetermined.
Previous reports have also confirmed the presence of IIa and IIb fibers in the mouse masseter muscle, although these studies relied only on selective sampling of the muscle rather than on a survey of the entire muscle (d 'Albis et al., 1986; Acakpo-Satchivi et al., 1997; Sartorius et al., 1998; Eason et al., 2000) . Sex differences have also recently been reported in mice (Eason et al., 2000) , and the results of this previous study were similar to what was reported in this study. In both, the male was shown to possess more IIb fibers than the female; conversely, the female had more IIa fibers. However, the spatial distribution of IIa and IIb fibers in males and females differed between studies. For example, Eason et al. (2000) androgens or other factors. Alternatively, the excess message may itself perform a regulatory function. Similar protein and message mismatches in other muscles have been observed to occur in response to events leading to transitions from one isoform to another (Peuker et al., 1998; Andersen et al., 1999; Stevens et al., 1999) .
